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Abstract 
Magnesium (Mg) based alloys have been growing in popularity in the aerospace and 
automotive industries due to their highly attractive properties such as high specific strength 
and low weight. However, Mg-alloys are not without limitations, particularly their poor creep 
performance at elevated temperatures. Studies have found that alloying Mg with rare earth 
elements (REs) can result in a significant improvement in creep performance, however these 
alloys are typically quite expensive due to the high cost of REs. This report investigates two 
newly developed Mg-alloys that contain much lower amounts of REs: Mg-3Gd-2Ca-1Zn and 
Mg-3Gd-2Ca-1Zr.  
 
The purpose of this thesis was to optimise the heat treatment process for these newly 
developed Mg-alloys. This was achieved by first studying the impact of solution treatment on 
each alloy through microstructural analyses and hardness testing. After determining the 
optimal treatment temperature for both alloys, their response following artificially ageing at 
various times and temperatures was investigated. Again, hardness testing and microstructural 
analyses of both alloys was conducted to assess the effectiveness of the ageing process. It was 
determined that the optimal heat treatment for the Mg-3Gd-2Ca-1Zn involves solution 
treatment at 505°C for 24 hours, followed by ageing at 180°C for 48 hours. For the Mg-3Gd-
2Ca-1Zr alloy, the optimal heat treatment process was found to be solution treatment at 525°C 
for 24 hours, followed by ageing at 180°C for 4 hours.  
 
During ageing of the Mg-3Gd-2Ca-1Zn alloy, it is believed that tiny precipitates of either  
Mg5Gd or Mg2Ca form preferentially close to grain boundaries, before growing through the ߙ-Mg grains. This contributes to preventing dislocation movement and thus results in the 
increase in hardness detected. There was no clear indication of precipitates forming it the Mg-
3Gd-2Ca-1Zn alloy, however an additional secondary phase was identified that was not 
present in the solution treated sample. Further investigation as to the impact of this phase is 
still to be investigated. Compared to the as-cast state, the Mg-3Gd-2Ca-1Zr alloy 
demonstrated the best increase in hardness due to heat treatment (increasing over 50% to a 
value of 69.8 HV), whereas the Mg-3Gd-2Ca-1Zn alloy increased on 25% to final in hardness 
of 70.844 HV. The two alloys were found to be significantly cheaper than current creep 
resistance alloys, and offer comparative, albeit slightly lower peak hardness values. Further 
investigation still needs to be made to determine how these new alloys react to creep. 
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Chapter 1 
1.0 Introduction 
Magnesium based alloys are becoming increasingly more popular in industry due to their 
highly attractive mechanical properties [1, 2]. Magnesium (Mg) has a density of just 1.74 
g/cm3 [3], which makes it the lightest of all commonly used structural elements [4]. Mg-
alloys have high specific strength and stiffness and tend to offer excellent castability and 
machinability [5].  Furthermore, they can be strengthened through precipitation of stable 
intermetallics during heat treatment [6]. These factors have increased the demand for Mg-
alloys in recent years, especially in the aerospace and automotive industries [4].  
 
1.1 Limitations of Magnesium Alloys 
Whilst the benefits of Mg based alloys are numerous, they are not without limitations that 
need to be mentioned. These alloys tend to have poor corrosion and wear resistance, 
particularly in response to humid conditions, due to the formation of a loosened oxide layer 
[7]. Another key limitation of Mg-alloys is their poor creep resistance at temperatures greater 
than 125°C [8]. Creep is the deformation of a material under a constant load, which often 
causes failure substantially below the expected yield strength [5]. Of the three stages of creep 
(primary secondary and tertiary), the secondary creep stage is typically of concern to 
engineering applications [9]. Secondary creep is generally associated with dislocation 
movement such as through cross-slip or dislocation climb, or through grain boundary sliding 
[10]. Introducing barriers that prevent or limit the movement of dislocations is then a major 
part of improving creep performance of Mg-alloys.  
 
1.2 Context 
Due to the desirable properties of Mg-alloys, particularly their low weight and high strength, 
there is a push from various industry sectors to use these alloys in more applications, many of 
which requiring the component to operate at elevated temperatures [11]. Based on this 
demand, there is a growing amount of research being conducted around improving the creep 
resistance of Mg-alloys to suit these high temperature applications. The two main research 
areas have been centred around improving the currently available Mg-alloys through minor 
variations, or to develop entirely new Mg-alloys [11]. Several studies have reported that the 
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addition of rare earth elements (REs) has resulted in a reduction in creep [4, 5, 8, 10]. The 
improved creep performance of Mg-RE alloys is typically associated with their ability to form 
stable precipitates that can limit the movement of dislocations [12]. Correct heat treatment of 
the of Mg-RE alloys enables these precipitates to form [12]. While it has been found that Mg-
RE alloys have better creep performance, the high costs associated with using REs has driven 
for research into cheaper alternative alloying elements [2, 13]. Calcium (Ca), zinc (Zn) and 
zirconium (Zr) have been identified as alloying elements that may offer improved creep 
performance of Mg by increasing the density of dislocation barriers [12, 13, 14].  The actual 
effect of these alternative alloying elements in relation to microstructure and mechanical 
properties is yet be completely investigated.  Similarly, the optimisation of the heat treatment 
process to maximise the dislocation barriers is yet to be completed for all alloy combinations. 
 
1.3 Aims and Objectives 
The main aim of this thesis project is to design and then optimise the heat treatment process 
for two newly developed quaternary magnesium alloys: Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-
1Zr. The project will aim to gather experimental data relating to the hardness of each alloy 
following various heat treatment configurations, and use this information in conjunction with 
microscopic observation to propose and then validate the best treatment process. To achieve 
these aims, the following research objectives are proposed: 
1. To investigate the underlying processes involved with the heat treatment of 
magnesium alloys. 
2. To design, test and optimise the heat treatment of the two Mg-alloys based off 
existing research and experimental results and observations. This includes both: 
a. Design and optimisation of the solid solution treatment (temperature). 
b. Design and optimisation of the ageing treatment (time and temperature). 
3. To produce accurate ageing curves for both Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr 
alloys based off experimental hardness results. 
4. To draw parallels between the hardness of each alloy during various stages of heat 
treatment with the observed microstructure. 
5. To compare the newly developed alloys with currently available Mg-alloys with 
particular focus on how they could potentially be used as creep resistant alternatives. 
6. To improve teamwork, academic research and scientific writing skills with the goal 
of contributing new knowledge to the scientific and engineering community.  
3 | P a g e  
 
1.4 Project Scope 
Due to the vast amount of possible research opportunities and the limited time allowed for the 
completion of this thesis, a detailed project scope was developed and included in table 1.  
 
Table 1 Proposed Project Scope 
Within Scope Outside Scope 
• Heat treatment of each alloy including 
both solution treatment and ageing 
• Sample preparation including cutting, 
mounting, polishing and etching 
• Microstructure observation using an 
optical microscope 
• Hardness testing of the Mg-alloys using 
a Vickers hardness testing machine 
• Literature review of current and relevant 
existing sources of information relating 
to creep resistant Mg-alloys  
• Using the hardness and microstructural 
data to comment on the creep 
performance of the new alloys 
• Comparison between the newly 
developed alloys and existing Mg-alloys 
• Selection or optimisation of the alloy 
compositions used 
• Optimisation of solution treatment 
duration 
• Casting of each initial alloy sample 
• More detailed microstructure analysis 
such as scanning electron microscopy 
(SEM) or x-ray diffraction (XRD) 
analysis 
• Additional mechanical testing such as 
tensile, impact or creep testing 
• Other strengthening techniques such as 
hot or cold working 
• Development of specific grinding and 
polishing procedure for each alloy 
 
 
1.5 Relevance  
There is a high demand for a strong magnesium alloy with good creep resistance at elevated 
temperatures by the automotive and aerospace industries [1]. If this project can determine if 
the new alloys Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr offer similar or better mechanical 
properties, but at a lower cost than existing Mg-alloys, this could lead to a significant 
contribution to all magnesium related industries. Use of these new Mg-alloys could then lead 
to lighter components and hence improve the efficiency of transportation, through both lower 
cost and reduced environmental impact [15]. Furthermore, the work in this thesis it will help 
to generate new and reliable experimental data that can be used in subsequent research 
projects.      
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Chapter 2 
2.0 Literature Review 
2.1 History of Magnesium Use 
Magnesium was first established as an element in 1755 by Joseph Black, who discovered its 
existence by heating up a carbonate rock known as magnesite [16]. It is reported as the eighth 
most abundant element on Earth, however due to its high reactivity, it only exists in nature as 
combination of other elements [16, 17]. Pure magnesium can be artificially manufactured but 
its high reactivity tends to make it unstable, corrosive and potentially volatile [18]. As such, it 
is typically alloyed with other elements to improve its properties [18]. Initial interest in 
magnesium alloys occurred during the world wars, where Mg-alloys were used widely for 
engine components in fighter planes [11]. The use of Mg-alloys went through a period of 
stagnation following the world wars, and it wasn’t until end of the 20th century that interest in 
them was renewed [19]. This can be partly attributed to the announcement that the automobile 
industry would reduce fuel consumption in 2005 by 25% based off the 1990 levels [19]. 
Friedrich et al. [19] determined that if the mass of a car was reduced by 10%, this equated to a 
5% reduction in fuel consumption. The use of magnesium alloys as lightweight alternatives to 
heavier steel or aluminium components began to become commercially relevant.  Nowadays, 
magnesium based alloys are used widely in the automotive and aerospace industries due to 
their low mass and favourable mechanical properties [1]. Current worldwide production of 
magnesium is centred in China [20]. Figure 1 shows how the global production of magnesium 
has continued to rise since 1994 due to increased demand for the metal. Current data 
published by the US Geological Survey (USGS) estimated the global magnesium metal 
production in 2016 to be 1 010 000 tonnes, up almost 300 % from the 1994 levels [21]. 
 
 
Figure 1 Global production of magnesium metal since 1994 based off data from the USGS [21]  
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2.1.1 Advantages of Magnesium Based Alloys  
The following is a list of the advantages of magnesium based alloys [4, 5, 11, 19, 22]: 
• Lightest of all structural metals 
• High specific strength 
• High specific stiffness 
• Easily cast 
• Good machinability  
• Heat treatable 
• Good damping characteristics 
• Dimensional stability  
• Readily available 
2.1.2 Disadvantages of Magnesium Based Alloys 
The following is a list of the disadvantages of magnesium based alloys [4, 5, 11, 19]: 
• Poor creep resistance at elevated temperatures 
• Low strength at elevated temperatures 
• High susceptibility to corrosion  
• Low elastic modulus 
• High chemical reactivity 
• Limited cold workability 
• Low ductility 
2.1.3 Applications of Magnesium Based Alloys  
Some typical applications for use of magnesium based alloys are listed below [18, 11, 19, 23]: 
• Automobile  
o Steering wheels, steering columns, gear boxes, instrument panels 
• Aerospace  
o Thrust reversers, engine components, transmission casings, weaponry systems  
• Medical  
o Implants, repair support structures, tissue scaffolding  
• Electronics 
o Mobile phones, laptops, cameras, hard drives 
• Sporting 
o Lightweight bicycles frames, vaulting poles, tennis rackets 
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2.2 Creep Performance of Magnesium Alloys 
2.2.1 Creep Mechanisms 
It has already been established that one of the major limiting factors of magnesium alloys is 
there poor creep performance at elevated temperatures. Creep is the time dependent plastic 
deformation of material at a constant applied stress and temperature [24].There are numerous 
proposed mechanisms for creep in Mg-alloys based off the applied stress and temperature 
range (see fig. 2). These mechanisms can be grouped under three main families [5, 10, 12]: 
• Dislocation based creep  
• Diffusional based creep 
• Grain boundary movement based creep 
Table 2 provides a summary of the major creep mechanism that could potentially occur in 
Mg-alloys.  
Table 2 Summary of major creep mechanisms [5, 25, 26] 
Creep Family Mechanism Description 
Dislocation 
Creep 
Dislocation intersection Dislocation intersection resulting in the creation of a 
kink or jog. Requires work to force the dislocation 
through the stress field of another dislocation. 
Dislocation climb Dislocations move by climbing over obstacles. 
Vacancies attached to jogs on edge dislocations 
and move perpendicular to the slip plane.  
Movement of dislocation 
atmospheres 
Solute atmospheres grow around dislocations and 
work to impede dislocation motion in the shear 
direction. 
Activated cross-slip Breakdown of a screw dislocation into partial 
dislocations producing a connecting stacking fault. 
Diffusional 
Creep 
Nabarro-Herring creep Self-diffusion of atoms through the crystal lattice at 
elevated temperature under an applied stress. 
Coble Creep Self-diffusion of atoms along grain boundaries at 
elevated temperature under an applied stress. 
Pipe diffusion Preferential diffusion along dislocation cores at 
elevated temperature under an applied stress. 
Grain Boundary 
Creep 
Grain boundary sliding Voids are created due to shearing stress along 
grain boundaries, causing movement of the grains.  
Grain boundary 
migration 
Movement of grain boundaries due to stress 
induced precipitation, particularly in supersaturated 
phases. 
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Figure 2 Various creep deformation regions based off normalised stress versus homologous 
temperature [5] 
At low temperatures, Mordike [9] proposes that dislocation climb is the predominant 
mechanism for creep deformation in Mg-alloys. The same study further proposes that at 
higher temperatures, creep is most likely governed by the cross-slip mechanism [9]. Creep 
through diffusional mechanisms (Nabarro-Herring or Coble creep) requires very high 
temperatures and low stresses, which suggests they are not the dominant creep mechanisms in 
Mg-alloys [5].  
 
2.2.2 Currently Available Creep Resistant Magnesium Alloys 
2.2.2.1 Mg-Al-Si Alloys 
Creep resistant Mg-alloys first began to be used commercially by Volkswagen in the early 
1970s in the form of a Mg-Al-Si alloy known as AS21 [5]. The AS21 alloy achieved a high 
creep resistance by pinning of both grain boundaries and dislocations, however creep induced 
precipitation of Mgଵ7Alଵଶ was observed and found to be the governing creep mechanism [27]. 
 
2.2.2.2 Mg-Al-RE Alloys 
The development of rare earth element (RE) containing Mg-alloys proved to be a major step 
in further improving the creep resistant of Mg. These initial alloys, of composition Mg-Al-RE 
(e.g. AE41 or AE42), typically involve a mixture of REs that form Al-RE intermetallics and 
suppress the precipitation of  Mgଵ7Alଵଶ [26]. This results in a noted improvement to creep 
performance over the AS range of alloys [5].  
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2.2.2.3 Mg-Al-Ca Alloys 
The addition of calcium (Ca) has been found to improve creep performance of Mg-Al alloys, 
however it has been reported that Ca addition can lead to hot tearing in cast components [8]. 
Perguleryuz et al. [5] found that Mg-Al-Ca ternary alloys (AX range of alloys) offered similar 
creep performance as AE42, but at lower cost and better with better corrosion resistance. Ca 
helps to suppress to formation of Mg17Al12, which leads to improved creep performance [26]. 
 
2.2.2.4 Mg-Al-Sr Alloys 
Similar to the use of Ca, the introduction of Sr into binary Mg-Al alloys was aimed at 
replacing the more expensive RE used in the AE range of alloys [8]. The AJ range of Mg-Al-
Sr alloys offer very high creep resistance through the precipitation of thermally stable Al4Sr 
along grain boundaries [5]. The suppression of the Mg17Al12 phase has also been attributed to 
the improved creep performance of AJ alloys [26]. 
 
2.2.2.5 Mg-Al-Ca-RE Alloys 
In recent years, quaternary Mg-alloy systems have been developed in an attempt to improve 
creep performance. One such system is the Mg-Al-Ca-RE quaternary alloys such as ACM522 
(Mg-5Al-2Ca-2RE) [26]. The ACM522 alloys claims to achieve better creep performance 
than the AE range of alloys through the precipitation of Al-RE and Al-Ca intermetallics [5]. 
 
2.2.2.6 Mg-RE Alloys 
Many of the early creep resistant Mg-alloys were based off additions to the Mg-Al system to 
suppress the precipitation of Mg17Al12 during creep [8]. Moving away from this, various new 
Mg-alloys have been developed based on ternary or quaternary additions to the Mg-RE 
system in an attempt to improve creep performance [8]. Several commercial alloys based off 
Mg-RE alloys such as WE53 (Mg-Y-Nd-Gd-Zr) and QE22 (Mg-Ag-Nd-Zr) are readily in use 
due to their high creep performance and strength [28]. Most of the Mg-RE alloys form 
metastable precipitates that help to improve creep performance [29]. Due to the lack of Al in 
these alloys, they can be grain refined with additions of zirconium (Zr) to improve mechanical 
properties [26]. Role of each specific alloying element in the newly developed Mg-3Gd-2Ca-
1Zn and Mg-3Gd-2Ca-1Zr alloys will be discussed in more detail in section 2.2.  
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2.2 Impact of Alloying Elements 
The process of alloying magnesium with other elements can be used to customise and 
improve its mechanical properties [18]. The impact each alloy element has in relation to the 
whole alloy system varies with the concentration used [30]. This project will look at the role 
that gadolinium (Gd), calcium (Ca), zinc (Zn) and zirconium (Zr) have on the characteristics 
of the final alloy. 
 
2.2.1 Gadolinium (Gd) 
Gadolinium is considered part of the Y subgroup of rare earth elements (REs) and has three 
valence electrons [9]. This gives the Y subgroup of REs better solubility in magnesium and 
allows for more effective heat treatment [9]. Gd helps to improve the mechanical properties of 
Mg-alloys at elevated temperatures through the precipitation of metastable phases following 
heat treatment [31]. In the Mg-Gd binary system, it has been found that these phases from as a 
triangular arrangement of interlocking plates on the three prismatic planes of the ߙ-Mg matrix 
[28]. Smola et al. [28] suggests that the triangle arrangement increases the strength and creep 
performance of Mg-Gd alloys by pinning or limiting dislocation glide. It has also been 
proposed that Gd and other rare earth elements have better creep resistance following artificial 
ageing because the precipitates that form contain a large portion of Mg atoms [10]. This also 
makes alloying Mg with RE more efficient, as a high precipitation percentage can be achieved 
at relatively low RE percentages. Mg-Gd alloys have greater strength at elevated temperatures 
than traditional Mg-Al alloys and have the added benefit of good corrosion resistance [31]. 
Gd also improves fluidity and decreases microporosity and hot tearing in Mg castings [10]. 
 
The decomposition of a supersaturated solid solution of Ƚ-Mg in Mg-Gd type alloys (both 
binary and more complex) occurs in the following manner: metastable Ƚ′ሺCPHሻ → metastable Ⱦ′′ሺDͲଵ9ሻ → metastable Ⱦ′ሺCBCOሻ → stable ȾሺMg5Gd, FCCሻ [32]. D019 refers to a metastable 
hexagonal shaped phase that is coherent in the ߙ-Mg matrix and CBCO is a metastable base 
centred orthorhombic phase [28].  A study on binary Mg-Gd by Nishijima and Hiraga failed 
to observe the Ⱦ′′ phase, instead noting that Gd atoms first arrange in short-range ordered 
clusters before forming Ⱦ′ሺMg5Gdሻ precipitates [33]. A later study by Matsuoka et al. [34] 
suggests that the lack of the ߚ′′phase was due to the high supersaturation and high ageing 
temperature of 200°C used by Nishijima and Hiraga, which effectively skipped the formation 
of the ߚ′′phase. The  ߚ′′ phase and/or the ߚ′ prismatic plates are typically associated with the 
increased creep performance of Mg-RE alloys [28]  
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When alloyed with zinc and magnesium, the ratio between Gd and Zn determines the level of 
long period stacking ordered (LPSO) phases in the magnesium alloy [14]. LPSO structures 
demonstrate long-period stacking of close-packed atomic planes that align with the (0001) 
basal plane in the hexagonally closed-packed (HCP) Mg-alloy [35]. LPSO has been found to 
have a significant improvement on mechanical properties in Mg-alloys [14]. It can strengthen 
the alloy without a reduction in ductility [36]. Furthermore, the LPSO phase helps to retain 
the strength of Mg-alloys at elevated temperatures, thus reducing the impact of creep [36]. 
During solidification, the LPSO phase tends to form along the grain boundaries of the ߙ-Mg 
grains [14]. LPSO structures in Mg-alloys have been found to be comprised of short-range 
ordered clusters of solute atoms (SRO) [35]. Research conducted by Abaspour et al. [2] 
suggests that the formation of SRO of solute atoms in Mg-alloys can lead to significant 
improvements to creep strength. Tane et al. [35] discovered that the elastic properties of Mg-
alloys are almost entirely governed by the stacking sequence of LPSO structures and the 
energy required to form SRO clusters. 
 
2.2.2 Calcium (Ca) 
Ca has also been found to reduce creep in Mg-alloys without negatively impacting on 
corrosion resistance [10]. Ca also presents a lower cost alternative to REs in Mg-alloys and 
has a lower density than Mg which keeps the overall alloy weight low [37]. Calcium has 
strong segregation power which can cause grain refinement in Mg-alloys [14]. It also 
increases the solubility of Gd and Zn in the ߙ-Mg matrix, which in turn results in better solid 
solution strengthening effects [14]. When combined with REs, Ca has been found to improve 
the heat resistance of Mg-alloys by supressing the formation of low melting temperature 
eutectics [38]. Another study [14] found that the addition of Ca in Mg-Gd alloys leads to a 
divorced eutectic microstructure which transition from a network shape in Ca free alloys to 
cluster-like in Ca containing alloys. It can then be proposed that Ca plays a role in the growth 
and formation of the eutectic structure of Mg-alloys. Abaspour et al. [2] determined that the 
Mg-Ca solid solution had a much higher strength than even Mg-Gd or Mg-Zn. In the same 
study, it was also found that along with Gd and Zn, Ca addition in Mg-alloys results in the 
formation of SRO structures that improves mechanical properties [2]. Zhang et al. [14] 
discovered that the addition of Ca in a Mg-Gd-Ca alloy resulted in a higher solubility of Gd 
and Zn in the ߙ-Mg matrix. Ca also helps to reduce oxidation during casting and subsequent 
heat treatment [30]. It has been found that Ca addition of at least 2 wt-% is required to avoid 
hot tearing [5].  
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2.2.3 Zinc (Zn) 
Zinc is more effective than calcium at improving both the strength and ductility of magnesium 
alloys [10]. It has also been reported by Choudhuri et al. [12] that the introduction of Zn into 
Mg-alloys results in the formation of protective, Cottrell-type atmospheres around 
dislocations that slow dislocation movement through solute dragging effects.  In the same 
study, it was also found that small additions of Zn to Mg-RE alloys increased the density of 
homogeneously distributed ߛ" precipitates within the ߙ-Mg matrix [12]. During solution 
hardening in Mg-Gd-Zn tertiary alloys, it has been suggested that co-segregation of Gd and 
Zn atoms causes the formation of Gd-Zn dimers that help to pin gliding dislocations and 
result in a noticeable increase to the hardness of the as-quenched alloy [29]. Pekguleryuz et al. 
[5] attributed the improved creep performance of Mg-Zn alloys to a decrease in cross-slip and 
climb due to the stabilisation and widening of extended dislocations. It has been found that 
the LPSO that forms in Mg-Gd-Zn ternary alloys has a higher Gd and Zn concentration than 
the primary ߙ-Mg phase [14]. Zn additions of 1 wt-% have been suggested to reduce the 
stacking fault energy and thus promote the formation of LPSO [29]. Zn addition has also been 
found to improve casting fluidity and improve tensile properties in Mg-alloys at room 
temperature [10]. Zn has a maximum solubility of 6 wt-% in Mg at elevated temperatures, 
decreasing to 2 wt-% at room temperature which enables it to replace aluminium to achieve 
solid solution and precipitation hardening in Mg-alloys [39].  
 
2.2.4 Zirconium (Zr) 
Zirconium has a strong grain-refinement effect when alloyed with magnesium [10, 39]. The 
addition of Zr to Mg-alloys has been found to decrease grain size without the formation of 
additional phases in the microstructure [13]. Zr addition can also help to remove harmful iron 
and nickel impurities during casting, leading to improved strength and decreased galvanic 
corrosion [10]. The best high temperature properties when using Zr typically comes when it is 
alloyed in conjunction with REs [10]. Zr also contributes to the long period stacking ordered 
(LPSO) structures in Mg-alloys which leads to improved mechanical properties [14]. Sun et 
al. [13] discovered that Zr addition in Mg-Gd based alloys resulted in an improvement in UTS 
of 125 MPa. Zirconium based alloys are more expensive than Zn based alloys due to the 
higher cost of Zr and are typically limited to gravity casting operations [10].  
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2.3 Heat Treatment of Magnesium 
Heat treatment is one of the key process for improving the mechanical properties of Mg-
alloys, both when used at room temperature and at elevated temperatures [6]. There are two 
main steps involved in heat treatment: solid solution strengthening and age hardening. Solid 
solution strengthen dissolves the alloying elements into the ߙ-Mg matrix [10]. Age hardening 
allows the dissolved elements to precipitate through ߙ-Mg matrix and act as barriers for 
dislocation motion [31]. Due to strong electro positivity of Mg, most alloy systems develop 
short range order, limiting nucleation of coherent precipitates (which reduces the response to 
artificial ageing), but appears to lead to an increase in creep strength [2]. 
 
2.4.1 Solid Solution Strengthening 
Solid solution strengthening (SSS) involves dissolving one or more elements into a parent 
metal matrix at elevated temperatures which causes distortions in the crystal lattice and slows 
the movement of dislocations [40]. SSS benefits from high solubility of alloying elements into 
the parent ߙ- Mg matrix [39]. In SSS, the melting temperature of alloy, solute concentration 
and atomic-size misfit are the key parameters in relation to creep resistance [4]. The addition 
of REs or calcium aims to introduce thermally stable intermetallics during solution 
strengthening that can help to reduce creep rate [2]. This is only partly effective, as the 
intermetallics still allow dislocations to cross slip or climb relatively unimpeded [2]. 
Abaspour et al. [2] proposes that solid solution strengthening has a greater impact on creep 
resistance than precipitation hardening. Abaspour et al. [2] justifies this claim with evidence 
that replacing gadolinium with yttrium (Y) resulted in a reduced density of precipitates but 
still an increase in creep strength. As Y is more soluble in Mg than Gd, the cause of the creep 
reduction was then attributed to the solution strengthening process [2].   
 
2.4.2 Age Hardening 
Age hardening allows dissolved particles in the ߙ-Mg matrix to form precipitates after 
isothermal holding at an elevated temperature for a designated time [41].  The precipitates 
then act as barriers to prevent dislocations motion and improve the mechanical properties of 
the alloy [31]. Precipitation hardening requires limited solubility of alloy elements in the 
parent Mg phase at the nominated ageing temperature [39]. Orowan mechanism is the main 
cause of precipitation strengthening, however this requires a large volume fraction of finely 
distributed non-coherent particles and these precipitates tend to lie on the basal slip plane 
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which decreases their ability to prevent basal slip [2]. Mg-Zn alloys have been found to form 
precipitates perpendicular to the basal plane, however this still doesn’t appear to impact 
hardness results [2]. At the higher temperatures associated with creep behaviour, incoherent 
precipitates can form along grain boundaries and become unstable or rapidly coarsen, thus 
decreasing their effectiveness at preventing dislocation motion [39]. In order to reduce creep, 
there is a need to pin grain boundaries or decrease the percentage of incoherent phases [10]. 
There is also an increased number of intergranular compounds during ageing of Mg-alloys 
due to the diffusion of intermetallics out of the ߙ-Mg matrix towards the grain boundaries 
[39]. Ca has a higher diffusion coefficient of  ʹ.ͳ × ͳͲ−ଵ7 mଶ/s than that of Zn 
(ͳ.5 × ͳͲ−ଵ9 mଶ/s ), which promotes the formation of binary MgଶCa because there is 
insufficient supply of Zn to the grain boundaries to enable a ternary phase to form [39]. 
Precipitates have a higher melting temp when using REs and they diffuse at lower rates than 
other elements, reducing the effect of creep [10]. 
 
Dynamic precipitation is often cited as the prominent mechanism for improved creep 
resistance [37]. This form of precipitation involves the intersection of moving dislocations 
which causes vacancies to form that in turn increases diffusion and results in finer 
precipitation during deformation [2]. This is however contradicted by the work of Pike and 
Noble [42] which found that increasing the density of vacancies resulted in coarser 
precipitates. Abaspour et al. [2] suggests that the increased precipitation is more likely to be 
due to the introduction of additional heterogeneous nucleation sites rather than through any 
changes in diffusivity.  
 
2.4 Summary of Key Strengthening Mechanisms in Mg-Alloys 
While the actual testing of creep performance of the newly developed Mg-alloys falls outside 
the scope of this report, many of the strengthening mechanism that can lead to increased creep 
performance also cause an increase in hardness [4, 30, 39]. By investigating and then 
optimising the hardness of the new alloys through heat treatment, it is expected that the creep 
performance of the alloys will also be improved, and potentially optimised. In summary the 
major strengthening mechanism that are expected in the new Mg-alloys are: 
• Precipitation of coherent particles in the ߙ-Mg matrix  
• Solid solution strengthening effects  
• Formation of LPSO structures  
• Formation of SRO clusters of solute atoms 
14 | P a g e  
 
2.5 Cost of Alloying Elements 
Based off the composition and the relevant cost data gathered in table 3, the cost of each 
newly developed alloy (Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr) was estimated. The cost of 
the two more commonly used creep resistant Mg-alloys, WE43 (Mg-4.2Y-2.5Nd-1Gd-0.6Zr) 
[43] and QE22 (Mg-2.07Nd-4.08Ag-0.6Zr) [44]  were also determined for comparison 
purposes (see table 4). Estimated cost calculated is based off the raw material cost and does 
not take into consideration costs associated with manufacturing and potential heat treatments. 
  
Table 3 Cost of raw alloying elements 
Element AUD/Kg Reference 
Zn 3.58 [45] 
Mg 5.62 [46] 
Ca 110 [47] 
Zr 150 [48] 
Gd 485 [49] 
Ag 617 [50] 
Nd 1000 [51] 
Y 3380 [52] 
 
Table 4 Estimated raw material cost for newly developed Mg-alloys and current commercial alloys 
Alloy Composition Approximate Raw Material Cost (AUD/kg) 
New Alloy A Mg-3Gd-2Ca-1Zn 22.07 
New Alloy B Mg-3Gd-2Ca-1Zr 23.53 
WE43 Mg-4.2Y-2.5Nd-1Gd-0.6Zr 177.86 
QE22 Mg-2.2-Nd-2.1Ag-0.6Zr 52.01 
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Chapter 3 
3.0 Experimental Procedure 
Detailed method for completing the aims and objectives of this thesis has be outlined below. 
Risk management assessment was completed and has been included in appendix A. 
3.1 Solid Solution Treatment 
3.1.1 Casting 
Conducted by staff of the University of Queensland. Alloys for thesis testing are assumed to 
have the compositions outlined in table 5. Cylindrical casting of each Mg-alloy were 
produced.  
Table 5 Composition of tested alloys 
 
Alloy 
Composition (wt-%) 
Mg Gd Ca Zn Zr 
Mg-3Gd-2Ca-1Zn 97 3 2 1 - 
Mg-3Gd-2Ca-1Zr 97 3 2 - 1 
  
3.1.2 Sample Cutting 
Samples were cut from cylindrical as-cast ingots supplied by the University of Queensland: 
School of Mechanical and Mining Engineering (henceforth known as the ‘School’). Cutting 
was completed using a Struers Discotom with a 10S25 silicon carbide cutting disk and a 
recirculating water lubrication system. Material from the top and bottom of the castings was 
removed and discarded. Discs of approximately 35 x 7.5 mm were then sliced from the ingot 
and waste material from around the edge of the casting was discarded (see fig. 3 for cutting 
detail, blue indicates useable samples). Eight usable samples were cut from each disc. 
Figure 3 Cutting detail of cast ingot 
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3.1.3 Heating 
In order to optimise the solution treatment, three different temperatures were initially selected: 
480°C, 515°C and 550 °C. An electrical heating oven supplied by the School was used to heat 
the samples. Detailed steps are as follows: 
1. Calibration of the furnace by first placing a steel container holding 400 mL of sand 
inside the oven and observing the temperature using a digital thermocouple. Due to 
known error in the displayed oven temperature, adjustment of the oven temperature 
was based on the more accurate thermocouple reading. The oven was allowed to 
stabilise for approximately 1 hour between temperature adjustments. 
2. Once the required temperature had been reached, the Mg-alloy samples were placed 
in a wire basket and then inside metal container. They were then covered with same 
amount of sand used to calibrate the oven in step 1. The sand helps to evenly heat the 
samples and prevent oxidation by limiting oxygen exposure on the surface of the 
sample. 
3. Samples were kept in the oven for a period of 24 hours to allow suitable time for the 
intermetallic compounds to dissolve, ideally producing a single saturated solid 
solution. Upon completion of heating, samples were removed from the oven and 
quickly quenched in water to freeze the saturated microstructure. 
 
3.1.4 Sample Mounting 
After quenching, samples were then mounted to for later microstructure analyse and hardness 
testing. Using a Struers CitoPress-30 machine, the samples were mounted in 10 mL of 
Polyfast at 180 °C, 325 bars for 5 minutes. This produces a circular mounted sampled with a 
25 mm diameter and a height of approximately 15 mm. Samples were engraved using a 
Dremel tool with an appropriate identification name (e.g. alloy name, treatment type and 
temperature).   
 
3.1.5 Grinding and Polishing 
In order to test hardness and observe the microstructure of each sample, grinding and 
polishing was completed on each sample. This removes any oxides or foreign material from 
the surface of the sample and gives a clean surface for microstructure inspection. A Struers 
TegraPol-35 machine was used to grind and polish the samples using automated programs 
developed for Mg-alloy preparation. The following steps outline this procedure: 
1. Samples were initially cleaned with water to remove any foreign particles. 
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2. Samples were mounted into the machine and sanded using progressively finer grit 
silicon carbide paper per the following steps: 
a. 320 grit for 1 minute, water lubricant 
b. 600 grit for 1 minute, water lubricant 
c. 1200 grit for 1 minute, water lubricant 
d. 4000 grit for 1 minute, water lubricant 
After each grinding cycle was completed, samples were removed from the machine 
and washed in water. They were then rinsed with ethanol and mechanically dried 
using compressed air to prevent oxidation. The sample mounting components of the 
machine were also cleaned with water after each cycle to prevent contamination. 
3. The grinding deck was then replaced with a magnetic deck and a DP-Mol polishing 
cloth was added. Samples were mounted and polished for 2 minutes. A 3 �� mol-
diamond suspension was used a lubricant. Samples were cleaned using ethanol and 
dried with compressed air. The polishing cloth was cleaned using water and detergent 
and allowed to dry. 
4. A DP-NAP polishing cloth was then attached to the machine deck. A small amount of 
3 �� diamond polishing paste was added to the cloth. Samples were mounted and 
polished for 3 minutes. Every 30 seconds, ethanol was applied to the cloth to assist 
with lubrication.  
5. Upon completing of the step 4, samples were then removed and cleaned using ethanol 
and dried using compressed air.    
 
3.1.6 Microstructure Observation 
A Polyvar MET optical microscope was used in conjunction with the attached Canon EOS 5D 
MarkII camera to observe and capture the microstructure of the Mg-alloy samples following 
grinding and polishing. Images at various locations on each sample using differing 
magnifications were recorded. Scale bars were added to each image to aid in analyse. 
Following this, each sample was etched using a 4% nitric acid mixture. Etching dissolves 
certain intermetallics and better reveals the microstructure (grains and phases). Process of 
etching samples was as follows: 
1. Prepare etchant using 4% nitric acid (HNO3) mixed with 96% ethanol. For 
convenience, a 100 mL solution was prepared using 4 mL nitric acid and 96 mL 
ethanol. 
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2. In a fume cupboard, etchant was first pipetted onto a cotton wool swab then wiped 
across the surface of the sample. 
3. Upon colour change of the sample (approximately 3 seconds), the etchant was 
removed from the sample using ethanol. Sample was then dried with compressed air. 
After etching the samples, the microstructure was again inspected and images recorded.  
 
3.1.7 Hardness Testing 
If samples had already been etched, prior to hardness testing, they were re-polished using 
4000 grit silicon carbide paper and the DP-Mol polishing cloth (as per steps outlined in 3.1.5). 
This is required as etching can remove intermetallics which contribute to the hardness of the 
sample. Hardness testing was conducted using a Leco LV800AT hardness testing machine. 
Vickers hardness testing method was used. A diamond tip indenter applied a 3 kg force for a 
dwell time of 10 seconds. More detailed steps for hardness testing are outlined below: 
1. The measuring crosshairs of the machine were zeroed and calibration was completed 
using a standard piece of known hardness metal (either steel or brass). 
2. A sample for hardness testing was then placed onto the test platform, which was then 
adjusted in height so that the sample was in focus in the eyepiece. 
3. The nominated load (3 kgf) was applied for the specified duration (10 seconds). 
4. The diagonals of the indent were then measured using the crosshairs and the Vickers 
hardness value was determined by the machine. 
5. 8 hardness tests were conducted across each sample to give the final average hardness. 
 
3.1.8 Determining Optimal Solution Treatment 
Based off the microstructure and hardness results, an optimal treatment temperature for each 
alloy was determined. This involved testing at additional temperatures to those stipulated in 
section 3.1.3.  
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3.2 Age Hardening 
3.2.1 Casting 
As per section 3.1.1 
 
3.2.2 Sample Preparation 
Slight variation from section 3.1.2. Disc shaped samples were cut from the cast ingot and then 
solution treated as below in 3.2.3.  
 
3.2.3 Solid Solution Treatment 
Samples for ageing were first solution treated as per section 3.1.3 at the optimal temperatures 
determined in 3.1.8 above. After solution treatment, cutting of the samples for age hardening 
was completed per 3.1.2. 
 
3.2.4 Age Hardening  
Following solution treatment, samples were age hardened at various times and temperatures. 
The nominated ageing temperatures are 180, 220, 250, 280 and 350 °C. Ageing duration was 
as follows: 0, 0.5, 1, 2, 4, 8, 12, 16, 24, 48, 72, 96 and 168 hours. Electric ageing furnaces 
supplied by the School were used to age the samples. This process is as follows: 
1. Calibration of the furnace using a thermocouple to achieve the correct temperature. 
2. Samples were placed in a wire basket and added to the furnace at one of the nominated 
temperatures above. 
3. At each time interval above, one sample was removed from the oven and allowed to 
air cool. 
4. Repeat steps 1-3 for the remaining ageing temperatures.  
 
3.2.5 Sample Mounting 
As per section 3.1.4 
 
3.2.6 Grinding and Polishing 
Variation of section 3.1.5. Initially only polishing steps up to and included step 3, DP-Mol 
polishing, was completed so that hardness testing could be conducted. 
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3.2.7 Hardness Testing 
As per section 3.1.7. Following hardness testing, samples were re-polished to allow for 
microstructural analysis as per section 3.1.5, however the first three paper grades (320, 600 
and 1200 grit) were skipped (already completed in section 3.2.6).  
 
3.2.8 Microstructure Observation 
As per section 3.1.6. Note that not all aged samples will be microstructurally examined.   
 
3.2.9 Generate Ageing Curves 
Based on the hardness data, plots of average hardness versus ageing time were created to 
determine the optimal ageing parameters.  
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Chapter 4 
4.0 Part 1 Solution Treatment Optimisation 
Initially, three temperatures (480, 515 and 550 °C) were used to solution treat both the Mg-
3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr alloys. These temperatures were selected to give a range 
over which further solution treatment could be optimised, i.e. 480°C was the lower limit and 
550°C the upper limit. Following initial hardness testing and microstructural analysis, 
addition temperatures in this range were investigated. 
 
4.1 Results 
4.1.1 Solution Treatment Microstructure 
4.1.1.1 Mg-3Gd-2Ca-1Zn Microstructure 
Figure 4 shows the microstructure evolution of Mg-3Gd-2Ca-1Zn following solution 
treatment at various temperatures. Micrographs of the as-cast alloy have also been included 
for comparison purposes. Additional micrographs can be found in appendix B.1. 
(A) As-cast (B) As-cast 
500 μm 
(C) 480°� (D) 480°� D1 
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(E) 505°� 
50 μm 
(F) 505°� 
F1 
F2 
500 μm 
(G) 510°� 
50 μm 
(H) 510°� 
H1 
(I) 515°� (J) 515°� 
J1 
(K) 550°� (L) 550°� 
L1 
Figure 4 Mg-3Gd-2Ca-1Zn solution treated at various temperatures (10 and 50x magnification) 
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4.1.1.1 Mg-3Gd-2Ca-1Zr Microstructure 
Figure 5 shows the microstructure evolution of Mg-3Gd-2Ca-1Zr following solution 
treatment at various temperatures. Micrographs of the as-cast alloy have also been included 
for comparison purposes. Additional micrographs can be found in appendix B.2. 
500 μm 
500 μm 
500 μm 
50 μm 
50 μm 
50 μm 
(A) As-cast (B) As-cast 
(C) 480°� (D) 480°� 
(F) 515°� (E) 515°� 
(G) 520°� (H) 520°� 
B1 
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4.1.2 Solution Treatment Hardness Results  
4.1.2.1 Mg-3Gd-2Ca-1Zn Hardness 
Average Vickers hardness (HV) for Mg-3Gd-2Ca-1Zn following solution treatment at various 
temperatures can be seen in fig. 7. Full hardness data can be found in appendix C.1. 
 
 
Figure 6 Average hardness for Mg-3Gd-2Ca-1Zn alloy following solution treatment 
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Figure 5 Mg-3Gd-2Ca-1Zr solution treated at various temperatures (10 and 50x magnification) 
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4.1.2.2 Mg-3Gd-2Ca-1Zr Hardness 
Average Vickers hardness (HV) for Mg-3Gd-2Ca-1Zr following solution treatment at various 
temperatures can be seen in fig. 8. Full hardness data can be found in appendix C.2. 
 
 
Figure 7 Average hardness for Mg-3Gd-2Ca-1Zr alloy following solution treatment 
 
4.2 Discussion 
4.2.1 Microstructure Analysis 
The goal for optimising the solution treatment is to determine a temperature that dissolves the 
most intermetallics but has little to no grain melting. At higher solution treatment 
temperatures, more intermetallic phase can dissolve into the parent ߙ-Mg lattice driven by a 
reduction in surface energy [40]. There is however a limit to this solubility, and if the solution 
treatment temperature is too high, this can lead to grain melting, which can have a negative 
effect on the solution treatment process [43].  
 
4.2.1.1 Mg-3Gd-2Ca-1Zn Solution Treated Microstructure 
Following solution treatment, the microstructure of Mg-3Gd-2Ca-1Zn was observed using an 
optical microscope at various solution treatment temperatures. In fig. 4 – A, B, the as-cast 
structure of the Mg-3Gd-2Ca-1Zn alloy appears to show a dendritic structure, with a eutectic 
type phase forming along the grain boundaries (GB). Work by Zhang et al. [14] suggests that 
this phase contains a high content of Gd and Zn (Gd content of approximately 50 wt-%). 
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Away from the GBs, primary ߙ-Mg regions can be seen, which are expected to have much 
lower concentration of Gd, Ca and Zn.  
 
Solution treatment starting at 480°C indicates that the proposed eutectic phase has decreased 
along the GBs and formed conglomerated eutectic rich areas (fig. 4 – C, D). The presence of 
the eutectic indicates that the solution treatment was not sufficient to fully dissolve this phases 
into an ideal single saturated solid solution, thus the treatment temperature needs to be 
increased. Cubic shaped tiny massive particles can be identified at GBs that did not appear to 
be present in the as-cast sample (indicated as D1 in fig. 4). Based off the work of Zhang et al. 
[14], it is believed that these particles are Gd enriched, with a composition of MgxGd. There 
also seems to be additional phases present in the ߙ-Mg grains that could potentially be some 
variation of Gd, Ca, Zn intermetallics that have not been fully dissolved in the Mg matrix.  
 
After increasing the solution treatment temperature to 505°C, there appears to be little to no 
evidence of a eutectic structure along the GBs (fig. 4 – E, F). The region identified as F2 in 
fig. 4 could potentially be a small amount of retained eutectic phase, however it is equally 
possible that it is section of localised GB melting. More detailed microstructural analyse 
would need to be completed to confirm either suggestion. There is still evidence of the Gd-
rich particles in the solution treated alloy (fig. 4 – F1). This indicates that Gd requires a higher 
solution temperature than Ca or Zn before it enters a saturated solid solution with Mg. The ߙ-
Mg grains show less undissolved intermetallics than in the 480°C sample, indicating better 
effectiveness of the solution treatment.  
 
At solution treatment temperatures greater than 505°C (fig. 4 – G→L), the microstructure of 
the samples begins to degrade due to localised melting. As the temperature increases from 
510°C to 550°C, the progression of this melting appears to be the following: 
• Intergranular melting which appears as spherical clusters, potentially centred around 
that Gd rich zones identified previously at 510°C. 
• GB melting that causes discontinuous GBs (see fig. 4 – J1) at 515°C in addition to the 
intergranular melting experienced at 510°C. 
• Large regions of GB melting that potentially reforms into the eutectic structure (fig. 4 
– L1) at 550°C. There also appears to be a lack of Gd rich particles at this high 
temperature, suggesting that these particles have either finally entered the saturated 
solution, or have undergone melting (possibly part of the intergranular melting that is 
observed). 
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Of potential importance is the possible formation of a phase close to the GBs at the 510°C 
solution treated sampled (fig. 4 – H1). While it is very difficult to postulate what the 
composition of this phase might be without more detailed micrographs or chemical analyse, 
one explanation is that this is a LPSO structure indicated in literature [14, 35]. 
 
4.2.1.2 Mg-3Gd-2Ca-1Zr Solution Treated Microstructure 
The Mg-3Gd-2Ca-1Zr alloy underwent a similar initial heat treatment at 480, 515 and 550°C. 
The treatment was later expanded to include 520°C and 525°C temperatures. The as-cast 
samples of the alloy does not appear to have an apparent eutectic phase as was seen in the 
Mg-3Gd-2Ca-1Zn alloy. This suggest that the substitution of Zn with Zr plays a role in 
suppressing the formation of the eutectic phase. There is still evidence of tiny massive 
particles (fig. 5 – B1) that are proposed to be Gd rich particles as detected in the Mg-3Gd-
2Ca-1Zn alloy.   
 
Following solution treatment at 480°C, there is evidence of the formation of a secondary 
phase at the junction of GBs (fig. 5 – C, D). This phase also appears to have formed in 
spherical clusters within the Ƚ-Mg grains. It could be that this is the eutectic structure for the 
Mg-3Gd-2Ca-1Zr alloy. It is difficult to determine its composition, but it is believed to be 
either a ternary mix of MgxGdxCax or two binary MgxGd and MgxCa phases arranged in a 
rod-like structure. Based off the work of Sun et al. [13], it is proposed that all the Zr has 
dissolved into a solution within the Mg matrix, and thus does not contribute to any observable 
phases in the microstructure. 
 
Increasing the solution temperature to 515°C appears to have little impact on the 
microstructure compared with the 480°C samples. There is potentially a reduced volume 
fraction of the proposed eutectic phase appearing within the ߙ-Mg matrix. This indicates that 
more of the alloying elements have been dissolved into the Mg matrix. Comparing the grain 
size of this sample with that of the Mg-3Gd-2Ca-1Zn alloy at the same solution treatment 
temperature (fig. 4 – I vs fig. 5 – E) clearly shows that difference in grain size. The alloy 
containing Zr has an average grain size approximately two or three times smaller than the 
alloy containing Zn. This is supported by literature which indicates that Zr has a strong grain 
refining effect in Mg alloys [10]. 
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At 520°C solution treatment (fig. 5 – G, H), the presence of the proposed eutectic phase at GB 
intersections has noticeably decreased. This is believed to a result of the increased 
temperature alloying more of the alloying elements to dissolved into solution with the Mg 
lattice. At 525°C solution treatment, more of this phase has been dissolved (fig. 5 – I, J). 
There is still evidence of undissolved phases as indicated J1 and J2 in fig. 5. J1 is believed to 
be the Gd rich particles observed earlier, however the composition of J2 is unknown. It could 
be that it is a MgxCa phase, however additional investigation would be required to 
substantiate this claim.  
 
Solution treatment of the sample at 550°C resulted in both GB melting and intergranular 
melting as observed in fig. 5 – K, L. There is also evidence of thermal cracking at this 
temperature (fig. 5 – K1). At this temperature it is believed that the composition of the melted 
regions is that of the eutectic phase. As in the Mg-3Gd-2Ca-1Zn sample, there is a lack on the 
Gd rich particles, suggesting that these particles have either finally entered the saturated 
solution, or have undergone melting (possibly part of the intergranular melting that is 
observed). 
 
4.2.2 Hardness Tests 
The hardness of both alloys for each alloy following solution treatment at the temperatures 
indicated was conducted. These hardness results were then used in conjunction with the 
microstructural analyse conduced in section to 4.2.1 to optimise the solution treatment 
temperature for both alloys. 
 
4.2.2.1 Mg-3Gd-2Ca-1Zn Solution Treated Hardness 
The average Vickers hardness of the Mg-3Gd-2Ca-1Zn alloy following solution treatment at 
the five temperatures tested can be seen in fig. 6. Initially, the hardness of the alloy decreased 
following solution treatment at 480°C and 505°C to below the as-cast hardness. This is 
believed to be a result of the eutectic and secondary phases dissolving into the ߙ-Mg matrix. 
This is believed to decrease the density of barriers that prevent dislocation movement within 
the alloy, and thus causes the decrease in hardness that was detected. At 510°C there appears 
to be an anomaly in the test data which causes a spike in the hardness of the sample to above 
that of the as-cast alloy. One potential explanation for this could be the formation of LSPO 
structures at this temperature that work to impede dislocation movement in the alloy. Another 
explanation is that the onset of intergranular melting as observed in fig. 4 – G is limiting the 
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movement of dislocations through the alloy. The intergranular melting may also be causing 
lattice distortion that would result in the detected increase in hardness. Further investigation at 
this temperature is recommended to determine the specific mechanism for the increase in 
hardness, or if in fact this was an experimental error. 
 
At 515°C, the hardness of solution treated alloy had again dropped significantly, below even 
that of the 505°C treatment. A possible explanation of this is the discontinuous nature of the 
grain boundaries that were observed in the micrographs of this sample. This is predicted to 
increase the mobility of dislocations cutting through the grains and thus cause the decrease in 
hardness. Further melting along grain boundaries and then reformation of the eutectic phase is 
believed to be the cause of the increase in hardness of the 550°C solution treated sample. 
 
4.2.2.1 Mg-3Gd-2Ca-1Zr Solution Treated Hardness 
The average Vickers hardness of the Mg-3Gd-2Ca-1Zr alloy following solution treatment at 
the five temperatures tested can be seen in fig. 7. Initially, the 480°C solution treated sampled 
showed little change in hardness compared with that as-cast sample, which is believed to be 
due to their relatively similar microstructure. As the solution temperature was increased (515, 
520 and 525 °C samles), the hardness of the alloy decreased below the as-cast value, believe 
to be due to the dissolution of the eutectic phase and the creation of a partially saturated solid 
solution. Intergranular and grain boundary melting and then reformation of the eutectic phase 
is believed to be the cause of the increase in hardness of the 550°C solution treated sample. 
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4.2.3 Summary and Final Optimised Solution Treatment  
Based off both the micrographs and hardness data, an optimal solution treatment temperature 
for both Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr alloys has been determined. For Mg-3Gd-
2Ca-1Zn this is believed to be 505°C and for Mg-3Gd-2Ca-1Zr, 525°C. At these 
temperatures, it appears that the most amount of intermetallic compounds have dissolved into 
a solid solution. This is supported by low hardness values at these temperatures, implying 
there are less obstacles (e.g. secondary phases or eutectic structure) to prevent dislocation 
motion. At higher solution treatment temperatures both alloys experienced localised melting. 
The localised melting is believed to be the cause of the increased hardness of the sample due 
to the reformation of a eutectic structure. It is believed that the melting occurs due to the 
agglomeration of a secondary phase in the ߙ-Mg grains that removes dissolved alloying 
elements from the solid solution. The composition of these agglomerates is such that it allows 
the low melting eutectic to form. As the solution treatment overheating continues, the 
spherical agglomerates appear to either migrate towards the grain boundaries of the alloy, or 
show preferentially growth in these areas, potentially to reduce surface free energy. The 
duration of solution treatment was not investigated in this study (remained fixed at 24 hours), 
however future research could look to optimise this in an attempt to reduce the time required 
for treatment, while at the same time ensuring the creation of a saturated solid solution.  
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Chapter 5 
5.0 Part 2 Age Hardening Optimisation 
After optimisation of the solution treatment temperature for both alloys, they were then aged 
at five different temperatures for thirteen different durations. Hardness data was gathered for 
all samples and used to produce the ageing curves in section 5.1. Microstructural analysis was 
only conducted on representative underaged, peak aged and over aged samples of each alloy. 
   
5.1 Results  
5.1.1 Ageing Curves 
Complete list of hardness results for each ageing temperature can be found in appendix D. 
 
5.1.1.1 Mg-3Gd-2Ca-1Zn Ageing Curve 
 
Figure 8 Ageing curves for Mg-3Gd-2Ca-1Zn alloy 
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5.1.1.2 Mg-3Gd-2Ca-1Zr Ageing Curve 
 
Figure 9 Ageing curves for Mg-3Gd-2Ca-1Zr alloy 
 
5.1.1.3 Summary of Peak Hardness 
Based off the ageing curves produced, the following conclusions relating to the aged samples 
have been summarised in table 6. 
 
Table 6 Key hardness data for both Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr 
Alloy 
As-cast 
hardness 
(HV) 
Solution 
Treated 
Hardness (HV) 
Peak Aged 
Hardness 
(HV) 
% Increase 
Hardness 
from as-cast 
Peak 
Aged 
Time 
(Hours) 
Mg-3Gd-2Ca-1Zn 56.83 46.36 70.84 24.66 48 
Mg-3Gd-2Ca-1Zr 46.3 40.19 69.8 50.76 4 
  
40
45
50
55
60
65
70
75
80
0 20 40 60 80 100 120 140 160
A
v
e
ra
g
e
 V
ic
k
e
rs
 H
a
rd
n
e
ss
 (
H
V
)
Time Aged (Hours)
Ageing Curves Mg-3Gd-2Ca-1Zr Alloy
350 Degrees 280 Degrees 250 Degrees 220 Degrees 180 Degrees
33 | P a g e  
 
5.1.2 Aged Microstructure 
Based off the ageing curves produced in section 5.1.1, micrographs of the Mg-3Gd-2Ca-1Zn 
alloy were taken at 1, 6 and 96 hours correlating to the average times for underaged, peak 
aged and overaged samples. Similarly, for the Mg-3Gd-2Ca-1Zr alloy, micrographs were 
taken at 0.5, 4 and 96 hours. Micrographs for both alloys at all ageing temperatures have been 
included in the following sections for comparative purposes. Note that the peak ageing of the 
Mg-3Gd-2Ca-1Zn alloy occurred at 48 hours, not at the average time of 6 hours. As such, 
additional micrographs at this ageing were taken and have been included for analysis. 
 
5.1.2.1 Mg-3Gd-2Ca-1Zn Aged Microstructure 
  
  
  
(A) Aged 180°C, 1 Hour (B) Aged 180°C, 1 Hour 
(C) Aged 220°C, 1 Hour (D) Aged 220°C, 1 Hour 
(E) Aged 250°C, 1 Hour (F) Aged 250°C, 1 Hour 
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 Figure 10 Representative underaged microstructure of Mg-3Gd-2Ca-1Zn alloy 
 
  
  
(G) Aged 280°C, 1 Hour (H) Aged 280°C, 1 Hour 
(I) Aged 350°C, 1 Hour (J) Aged 350°C, 1 Hour 
(A) Aged 180°C, 6 Hours (B) Aged 180°C, 6 Hours 
(C) Aged 220°C, 6 Hours (D) Aged 220°C, 6 Hours 
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Figure 11 Representative peak aged microstructure of Mg-3Gd-2Ca-1Zn alloy  
 
  
Figure 12 Actual peak aged microstructure of Mg-3Gd-2Ca-1Zn at 180 °C  
 
 
(E) Aged 250°C, 6 Hours (F) Aged 250°C, 6 Hours 
(G) Aged 280°C, 6 Hours (H) Aged 280°C, 6 Hours 
(I) Aged 350°C, 6 Hours (J) Aged 350°C, 6 Hours 
(A) Aged 180°C, 48 Hours (B) Aged 180°C, 48 Hours 
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 Figure 13 Representative overaged microstructure of Mg-3Gd-2Ca-1Zn alloy  
 
(A) Aged 180°C,96 Hours (B) Aged 180°C, 96 Hours 
(C) Aged 220°C,96 Hours (D) Aged 220°C, 96 Hours 
(E) Aged 250°C,96 Hours (F) Aged 250°C, 96 Hours 
(G) Aged 280°C,96 Hours (H)Aged 280°C, 96 Hours 
(I) Aged 350°C,96 Hours (J) Aged 350°C, 96 Hours 
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5.1.2.2 Mg-3Gd-2Ca-1Zr Aged Microstructure 
  
  
  
 
 
  
Figure 14 Representative underaged microstructure of Mg-3Gd-2Ca-1Zr alloy 
(A) Aged 180°C, 0.5 Hours (B) Aged 180°C, 0.5 Hours 
(C) Aged 220°C, 0.5 Hours (D) Aged 220°C, 0.5 Hours 
(E) Aged 250°C, 0.5 Hours (F) Aged 250°C, 0.5 Hours 
(I) Aged 350°C, 0.5 Hours (J) Aged 350°C, 0.5 Hours 
H1 
(G) Aged 280°C, 0.5 Hours (H) Aged 280°C, 0.5 Hours 
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Figure 15 Representative peak aged microstructure of Mg-3Gd-2Ca-1Zr alloy 
(A) Aged 180°C, 4 Hours (B) Aged 180°C, 4 Hours 
(C) Aged 220°C, 4 Hours (D) Aged 220°C, 4 Hours 
(E) Aged 250°C, 4 Hours (F) Aged 250°C, 4 Hours 
(G) Aged 280°C, 4 Hours (H) Aged 280°C, 4 Hours 
(I) Aged 350°C, 4 Hours (J) Aged 350°C, 4 Hours 
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 Figure 16 Representative overaged microstructure of Mg-3Gd-2Ca-1Zr alloy 
 
(A) Aged 180°C, 96 Hours (B) Aged 180°C, 96 Hours 
(C) Aged 220°C, 96 Hours (D) Aged 220°C, 96 Hours 
(E) Aged 250°C, 96 Hours (F) Aged 250°C, 96 Hours 
(G) Aged 280°C, 96 Hours (H) Aged 280°C, 96 Hours 
(I) Aged 350°C, 96 Hours (J) Aged 350°C, 96 Hours 
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5.2 Discussion 
Ageing the Mg-alloy by isothermally holding it at a specific temperature alloys the dissolved 
intermetallics in the solid solution to precipitate out into the ߙ-Mg matrix. The precipitates 
work to impede the movement of dislocations by creating strain fields in the Mg lattice 
structure. Additional energy is required to cut through the precipitates and the hardness of the 
alloy should increase. As ageing time increases, the size of the precipitates should also 
increase, and consequentially, so does the hardness of the alloy. At a certain size, it is more 
energetically favourable for the dislocation to bow around the precipitate, rather than cut 
through it. The is known as over ageing and leads to a decrease in hardness. 
 
5.2.1 Hardness values and Ageing Curves 
The effectiveness of the ageing treatment is primarily based on the measured hardness of the 
alloy sample. Of the five different ageing temperatures investigated (180, 220, 250, 280 and 
350°C), the greatest hardness increase, and hence best ageing performance, occurred at the 
180°C range for both the Mg-3Gd-2Ca-1Zn alloy and the Mg-3Gd-2Ca-1Zr alloy.  
 
In the Mg-3Gd-2Ca-1Zn alloy, the peak average hardness was measured to be 70.84 HV after 
48 hours of ageing as seen in fig. 8. All ageing temperatures in fig. 8 indicate a similar trend 
in hardness results, starting with an increase in hardness in the first 20 hours or less, followed 
by an extended region of slowly decreasing hardness (20 → 168 hours). The hardness of the 
Mg-3Gd-2Ca-1Zn was increased by approximately 25% when compared with the as-cast 
sample.  
 
In the Mg-3Gd-2Ca-1Zr alloy, the peak average hardness was measured to be 69.8 HV after 4 
hours of ageing. This represents over a 50% increase in the hardness of the alloy following 
successful heat treatment when compared to the as-cast sample. It can then be suggested that 
Mg-3Gd-2Ca-1Zr demonstrates better hardenability through heat treatment than Mg-3Gd-
2Ca-1Zn. This implies that Zr has a marked impact on the aged alloy, possibly through 
additional mechanisms that limit dislocation movement (e.g. LPSO structures). The ageing 
curves for the Mg-3Gd-2Ca-1Zr alloy (see fig. 9) show a region of increasing hardness till a 
peak value is reached (at ~6 hours), followed by a rapid decrease in hardness and finally, a 
relatively stable, slightly decreasing region (20 → 168 hours).   
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It can be observed by comparing the two sets of ageing curves (fig. 8 and fig. 9) for the two 
alloys that the Mg-3Gd-2Ca-1Zr alloy experiences a more pronounced peak ageing response 
than the Mg-3Gd-2Ca-1Zn alloy. Furthermore, the Mg-3Gd-2Ca-1Zr alloy undergoes a more 
significant decrease in hardness following peak levels. It could be suggested that the Mg-3Gd-
2Ca-1Zr alloy is more susceptible to over ageing than the Mg-3Gd-2Ca-1Zn alloy. Both 
alloys follow a sequentially pattern of increasing peak hardness with decreasing ageing 
temperature. Further investigation at ageing temperatures lower than 180°C is therefore 
suggested to confirm whether this trend continues and the peak hardness values for both 
alloys could be improved further.  
 
As indicated by the size of the error bars in the ageing curves, there is generally a large 
deviation in the individual hardness values obtained during testing. While this error is not 
believed sufficient enough to change the optimal temperature for ageing the two alloys, it 
could be sufficient to alter the optimal ageing duration. While in the case of the Mg-3Gd-2Ca-
1Zr alloy, this presents a possible ageing duration change of approximately only 2 hours, in 
the Mg-3Gd-2Ca-1Zn alloy, this could significantly alter the optimal ageing time by up to 32 
hours. Further testing to reduced deviation in the measured results should be conducted to 
help increase the validity of the data obtained. Possible sources of the large deviation are 
suggested as follows: 
• Segregation in the Mg casting causing regions of high and low alloy composition that 
react to ageing differently. 
• Localised corrosion or other surface impurities on the Mg-alloy samples during 
hardness testing that result in an incorrect measurement. 
• Subjective nature of the Vickers hardness test which relies on visual measurement of 
the indentation by the operator. 
• Temperature variations in the ageing furnace during the ageing process. 
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5.2.2 Aged Microstructure 
While hardness testing is a great tool for determining the peak ageing response of the Mg-
alloys, a better understanding of the ageing process can be gained in conjunction with 
microstructural analysis.  
 
5.2.2.1 Mg-3Gd-2Ca-1Zn Aged Microstructure 
There appears to be a formation of the very fine precipitates along the grain boundaries of the 
Mg-3Gd-2Ca-1Zn aged 180°C, 1 hour sample (fig. 10 – B). Based on the work of Bamberger 
et al. [39], it is believed that these precipitates have the composition MgଶCa. It could also be 
argued that these precipitates are stable Ⱦ − Mg5Gd suggested by Li et al. [32]. Without a 
more detailed chemical analyse, further speculation as to their composition is futile. There 
also appears to be a uniform dispersion of precipitate-like particles throughout the Ƚ-Mg 
grains in the aged 350°C, 1 hour sample (fig. 10 – J). The much higher ageing temperature 
suggests that that is precipitate has a different composition than those observed at the lower 
180°C aged sample. The higher ageing temperature may have been sufficient to enable Zn 
intermetallics to diffuse out of the solid solution and form some variation of a MgxZn 
precipitate.  
 
After ageing for 6 hours, there is very little difference in the microstructure of the Mg-3Gd-
2Ca-1Zn samples (fig. 11 – C→H). This correlates to the similar hardness values of these 
samples as seen in section 5.1.1. At the peak aged configuration of the Mg-3Gd-2Ca-1Zn 
alloy (180°C, 48 hours) there appears to be lines of precipitates, concentrated at grain 
boundaries and extending through the ߙ-Mg grains (fig. 12 – B). The linear arrangement of 
the precipitates could suggest that they have grown along defined crystal planes within the 
alloy. No real evidence of the interlocking plates suggested by Smola et al. [28] could be 
discerned. The smaller apparent grain size of the aged 180°C, 48 hour sample is believed to 
be to segregation in the supplied cast sample, perhaps in a region close to the mould wall that 
rapidly cooled and produced smaller grains. Further investigation into this observation should 
be conducted.  
 
In the 180°C overaged sample (fig. 13 – A), intergranular spherical structures can be 
observed. While it is possible that this is a result of precipitate coarsening, a more likely 
explanation is that overheating of the sample during solution treatment occurred and resulted 
in localised melting of the sample. This is supported by fact that none of the other overaged 
samples show the same structure. The general trend in the overaged samples at higher 
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temperatures appears to be cleaner grain boundaries (i.e. less intermetallic/precipitate 
formation) with more dispersion of particles throughout the ߙ-Mg grains. This is believed to 
be due to the increase time allowed for intermetallic phases to diffuse out of the saturated 
solution. This then correlates to the slight decrease in hardness measured in section 5.1.1. It is 
postulated that the movement of the intermetallic phases away from the grain boundaries 
would decrease the pinning effect and cause a decrease in creep performance. Due to limited 
resolution of the optic microscope used to take the micrographs, no convincing evidence of 
LPSO or SRO structures were detected. While not observed, it is still entirely possible that 
these structures exist and have contributed to the hardness of the Mg-3Gd-2Ca-1Zn during 
ageing. 
 
5.2.2.2 Mg-3Gd-2Ca-1Zr Aged Microstructure 
Several of the micrographs for the Mg-3Gd-2Ca-1Zr aged samples appear to demonstrate 
localised melting, most likely due to furnace fluctuations during the solution treatment stage. 
It’s difficult to quantify what effect this may have had on the hardness and ageing response of 
these samples without additional testing. It is expected that these melt regions will be 
enriched with Gd and Ca due to the formation of a possible eutectic structure. This would 
cause depletion of the solid solution around the melts of these elements and potentially limit 
the growth of precipitates in these regions.  
 
There is appears to be no real change in the microstructure of the 180°C sample, regardless of 
the duration aged for.  There does appear to be some form of finely dispersed precipitate 
phase throughout the ߙ-Mg matrix which appears to coarsen slightly at higher ageing 
temperatures. This coarsening may be a cause of the decrease in hardness that was detected at 
higher ageing temperatures.  A new nodular-type phase that was not present in the solution 
treated samples does appear to form following ageing (fig. 14 – H1 shows an example of this 
phase). The lack of this phase in the Mg-3Gd-2Ca-1Zn alloy indicates that it must be 
comprised of some amount of Zr. It’s very difficult to suggest the growth mechanism of this 
phase, as it can be found over a range of different ageing times and temperatures and further 
study needs to be conducted on it. As was the case for the Mg-3Gd-2Ca-1Zn alloy, the limited 
resolution of the optical microscope failed to reveal any clear indication of the LPSO or SRO 
suggested as strengthening mechanisms in literature. Due to the lack a clear precipitation 
progression in the Mg-3Gd-2Ca-1Zr alloy, it is believed that additional mechanisms must be 
playing a role on detected increase in hardness following ageing.  
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5.2.3 Summary and Final Ageing Optimisation 
From the results that were obtained, the best heat treatment process for the Mg-3Gd-2Ca-1Zn 
alloy is solution treatment at 505°C for 24 hours followed by ageing at 180°C for 48 hours. 
For the Mg-3Gd-2Ca-1Zr alloy, the optimal heat treatment process involves solution 
treatment at 525°C for 24 hours followed by ageing at 180°C for 4 hours. There appears to be 
a formation of precipitates in the Mg-3Gd-2Ca-1Zn alloy that starts along grain boundaries 
and then grows into the ߙ-Mg grains as ageing time increases. It was more difficult to discern 
a noticeable precipitate pattern in the Mg-3Gd-2Ca-1Zr alloy, however an additional phase 
that wasn’t present in the solution treated samples was identified. The occurrence of LPSO or 
SRO was not identified in either alloy, however these mechanisms are believed to play a role 
in the strengthening of the alloys. Overall, the Mg-3Gd-2Ca-1Zr alloy demonstrated the best 
increase in hardness due to ageing (increasing over 50%), whereas the Mg-3Gd-2Ca-1Zn 
alloy only showed a 25% increase in hardness compared with the as-cast samples. 
 
5.2.3.1 Comparison of New Alloys with Existing Alloys 
Based off the peak hardness values obtained during heat treatment of the newly developed 
Mg-alloys, the relative hardness cost of these alloys was compared with that of two 
commonly used commercial Mg-alloys, WE43 and QE22 (table 7). While the commercial 
alloys demonstrated a slightly higher hardness value, the relative cost of the newly developed 
alloys is substantially cheaper. If the reported correlation between hardness and creep 
resistance is true, then the newly developed alloys may offer good creep performance (slightly 
less than the commercial alloys), but at a much lower cost. It is recommended that the actual 
creep performance of the new alloys be investigated to support this claim. 
 
Table 7 Comparison between the cost and hardness of the new and existing Mg-alloys 
Alloy Composition Approximate 
Raw Material 
Cost (AUD/kg) 
Peak Hardness 
(HV) 
Relative 
Hardness Cost 
(AUD/kg/HV) 
New Alloy A Mg-3Gd-2Ca-1Zn 22.07 70.84 0.31 
New Alloy B Mg-3Gd-2Ca-1Zr 23.53 69.8 0.34 
WE43 Mg-4.2Y-2.5Nd-1Gd-0.6Zr 177.86 95 [43] 1.87 
QE22 Mg-2.2-Nd-2.1Ag-0.6Zr 52.01 85 [44] 0.61 
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Chapter 6 
6.0 Conclusions and Recommendations 
6.1 Conclusions 
This thesis endeavoured to research the heat treatment optimisation of the newly developed 
Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr alloys. This involved both a detailed literature 
review of current information relating to these alloys, as well as experimental testing to 
validate the proposed treatment process. The following conclusions have been made: 
• A eutectic phase is believed to form along the grain boundaries of Mg-3Gd-2Ca-1Zn 
following solution treatment. This phase is expected to have a higher concentration of 
Gd and Zn than the primary Mg grains. Less evidence of a eutectic structure was 
observed in the Mg-3Gd-2Ca-1Zr alloy, suggesting the Zr plays a role in suppressing 
the formation of the eutectic. 
• At elevated solution treatment temperatures (above 505°C for the Mg-3Gd-2Ca-1Zn 
alloy and above 525°C for the Mg-3Gd-2Ca-1Zr alloy), localised melting was 
observed in both alloys. The melting is believed to occur due to the formation of 
Gd/Ca rich regions of the ߙ-Mg grain that removes dissolved alloying elements from 
the solid solution, enabling a low melting eutectic to form. The melting appears to 
start in spherical agglomeration within the ߙ-Mg grain and preferentially moves 
towards the grain boundaries. 
• Based off both the micrographs and hardness data, an optimal solution treatment 
temperature for both Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr alloys was determined. 
For Mg-3Gd-2Ca-1Zn this is believed to be 505°C and for Mg-3Gd-2Ca-1Zr, 525°C. 
At these temperatures, it appears that the largest amount of intermetallic compounds 
have dissolved into a solid solution. 
• Based off the ageing curves produced and in conjunction with microstructural 
analysis, the optimal ageing process for both Mg-3Gd-2Ca-1Zn and Mg-3Gd-2Ca-1Zr 
alloys was also determined. For Mg-3Gd-2Ca-1Zn this is believed to be ageing at 
180°C for 48 hours and for Mg-3Gd-2Ca-1Zr, ageing at 180°C for 4 hours.  
• There was quite a large deviation in some of the hardness values obtained from the 
aged samples, potentially due to segregation in the casting, localised surface defects or 
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poor testing methodologies. This deviation could significantly alter the optimised 
ageing time for the Mg-3Gd-2Ca-1Zn by up to 32 hours.  
• During ageing of the Mg-3Gd-2Ca-1Zn alloys, it is believed that tiny precipitates of 
either Mg5Gd or Mg2Ca form preferentially close to grain boundaries, before growing 
through the ߙ-Mg grains. 
• There was no formation of discernible coherent precipitates in the Mg-3Gd-2Ca-1Zr 
alloy, however an additional secondary phase that was not present in the solution 
treated sample was identified. 
• Overall, the Mg-3Gd-2Ca-1Zr alloy demonstrated the best increase in hardness due to 
ageing (increasing over 50%), whereas the Mg-3Gd-2Ca-1Zn alloy only showed a 
25% increase in hardness compared with the as-cast sample. 
• Both newly developed alloys present substantially cheaper alternatives to common 
commercial creep resistant alloys WE43 and QE22, based off the cost of raw materials 
and assuming there is strong correlation between the hardness response of the alloys 
and creep performance.  
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6.2 Recommendations 
Due to the limited scope and time available to complete this thesis, there are several areas of 
research that could be conducted or expanded upon to better understand the two new Mg-
allows. This includes: 
• Expand upon the solution treatment optimisation by considering the duration for 
treatment, not just the temperature. While it is expected that solution temperature will 
not change, the duration could potentially be reduced from 24 hours. This is important 
in a commercial sense as it reduces the overall cost of the treatment.  
• Investigate additional ageing temperatures below 180°C to determine if the trend of 
increasing alloy hardness with decreasing ageing temperature continues. 
• Retest any aged samples that indicate localised melting to ensure the validity of the 
hardness results obtained. 
• More detailed microstructure analysis of the solution treated and aged samples using 
electron microscopy (SEM) or x-ray diffraction (XRD) analysis for example. This 
would hopefully reveal the chemical compositions of the phases present, the crystal of 
the samples, and any impact of precipitation orientation on mechanical properties. 
More detailed analysis may also be able to identify the LPSO and SRO suggested as 
key strengthening mechanisms in literature. 
• Investigate the impact that heat treatment has on properties of the Mg-alloys other than 
just hardness; this could include tensile strength, corrosion performance and actual 
testing of creep performance. 
• Optimisation of the chemical compositions of each alloy could be conducted to further 
improve their mechanical properties.  
• Investigation into other potential strengthening techniques for the newly created alloys 
(e.g. hot or cold working). 
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Appendices 
Appendix A: Risk Assessment 
This section of the report is concerned with the mitigation of risks to the project, both in 
execution and experimentally. 
A.1 Project Execution Risks 
Whilst it is difficult to prevent all risks to project execution, it is possible to reduce the 
likelihood and severity of these risks. The following table identifies potential execution risks, 
as well as strategies to mitigate and/or reduce the impact of the risk: 
 
Table 8 Project execution risk management 
Execution Risks Mitigation/Reduction Strategies 
• Computer failure resulting in 
loss of data 
• Regularly backup data using a cloud based storage 
server (i.e. Dropbox) to avoid data loss 
• Safely remove USB sticks 
• Sickness resulting in lost 
productivity 
• Ensure ample time is allowed to complete task 
• Add ‘contingency’ to milestone planning 
• Request an extension using the proper university 
procedure 
• Cannot use testing 
equipment either due to 
breakdown or use by other 
students 
• Gain afterhours lab access to increase testing 
hours available 
• Complete testing during semester break when labs 
are less busy 
• Allow ample time to complete testing   
• Experimental data doesn’t 
correlate with expected 
results 
• Allow time for retesting 
• Use correct testing procedures to reduce 
experimental errors  
• Conduct additional research and discuss with 
supervisor 
• University commitments for 
other subjects 
• Manage time effectively between all subjects 
• Continually refer to Gantt chart to ensure schedule 
is met 
• Work commitments • Maintain open communication with work to best 
manage hours available 
• Ensure work hours are considered when planning 
tasks 
• Do not over commit to working more shifts  
• Loss of time due to 
unforeseen events 
• Add ‘contingency’ to milestone planning 
 
  
A.2 Experimental Risks 
In addition to the project execution risks identified above, there are also experimental risks 
that need to be managed. Experiments for this thesis were conducted in rooms 49-413, 49-414 
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and 49-415 of the University of Queensland Advanced Engineering Building. These are the 
Materials Preparation Laboratory, Microscopy Laboratory and Heat Treatment Laboratory. 
Firstly, the following online inductions were completed:  
• Annual fire safety 
• Workplace safety 
• Laboratory safety 
• Chemical safety 
• Compressed gas safety 
• Hand tool safety 
• Risk management training 
 
Subsequent to this, relevant risk assessments were completed for all procedures expected to 
occur during the course of this thesis using the School’s online risk management database. 
The identified risks included the following: 
• 62550 - Cutting metal specimens using water cooled cut-off wheels 
• 62577 - Mixing of standard etchants 
• 62579 - Polishing of mounted metallographic samples using Struers auto polishers 
• 62585 - Use of Dremyl Engraver 
• 62587 - Use of optical microscopes 
• 62554 - Heat treatment of metal samples using air circulation furnaces 
• 62555 - Heat treatment using electric furnaces 
• 62582 – Solution treatment of magnesium 
 
Only after these steps were finished could induction into the laboratories be completed. This 
still involved physical induction by an experienced lab technician (Jonathan Read). Training 
in the correct and safe use of each piece of equipment required for experimental testing was 
also completed. This included training in the use of: 
• Electric heat treatment furnace  
• Struers cutting wheel 
• Struers sample mounting machine 
• Struers grinding and polishing machine 
• Optical microscope 
• Dremyl engraver 
• Ageing furnace 
54 | P a g e  
 
Appendix B: Additional Micrographs 
B.1 Mg-3Gd-2Ca-1Zn Solution Treated 
Mg – 3Gd-2Ca-1Zn As Cast 
  
  
Figure 17 Mg-3Gd-2Ca-1Zn alloy, as-cast 
 
Mg – 3Gd-2Ca-1Zn 
 
Treated at 480 Degrees 
 
 
500 μm 
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Figure 18 Mg-3Gd-2Ca-1Zn alloy, solution treated at 480°C 
 
Mg – 3Gd-2Ca-1Zn 
 
SS at 505 Degrees 
 
 
 
 
Figure 19 Mg-3Gd-2Ca-1Zn alloy, solution treated at 505°C 
 
Mg – 3Gd-2Ca-1Zn 
 
SS at 510 Degrees 
 
 
10 μm 50 μm 
500 μm 100 μm 
500 μm 100 μm 
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Figure 20 Mg-3Gd-2Ca-1Zn alloy, solution treated at 510°C 
 
Mg – 3Gd-2Ca-1Zn 
 
SS at 515 Degrees 
  
  
Figure 21 Mg-3Gd-2Ca-1Zn alloy, solution treated at 515°C 
 
Mg – 3Gd-2Ca-1Zn 
 
SS at 550 Degrees 
  
10 μm 50 μm 
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Figure 22 Mg-3Gd-2Ca-1Zn alloy, solution treated at 550°C 
B.2 Mg-3Gd-2Ca-1Zr Solution Treated 
Mg-3Gd-2Ca-1Zr As Cast 
  
  
Figure 23 Mg-3Gd-2Ca-1Zr alloy, as-cast 
Mg-3Gd-2Ca-1Zr SS at 480 Degrees  
 
 
500 μm 100 μm 
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Figure 24 Mg-3Gd-2Ca-1Zr alloy, solution treated at 480°C 
 
Mg-3Gd-2Ca-1Zr 
 
SS at 515 Degrees 
 
 
 
 
Figure 25 Mg-3Gd-2Ca-1Zr alloy, solution treated at 515°C 
 
Mg-3Gd-2Ca-1Zr 
 
SS at 520 Degrees 
 
 
10 μm 50 μm 
500 μm 100 μm 
500 μm 100 μm 
10 μm 50 μm 
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Figure 26 Mg-3Gd-2Ca-1Zr alloy, solution treated at 520°C 
 
Mg-3Gd-2Ca-1Zr 
 
SS at 525 Degrees 
 
 
 
 
Figure 27 Mg-3Gd-2Ca-1Zr alloy, solution treated at 525°C 
 
Mg-3Gd-2Ca-1Zr 
 
SS at 550 Degrees  
 
 
500 μm 100 μm 
10 μm 50 μm 
10 μm 50 μm 
500 μm 100 μm 5 0 μm 
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Figure 28 Mg-3Gd-2Ca-1Zr alloy, solution treated at 550°C 
 
10 μm 50 μm 
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Appendix C: Solution Treatment Hardness Results 
C.1 Solution Hardness of Mg-3Gd-2Ca-1Zn 
Table 9 Solution hardness of Mg-3Gd-2Ca-1Zn 
Mg-3Gd-2Ca-1Zn Average Standard 
Deviation 
As Cast 55.4 50 64.5 56 56.5 62.8 51.8 57.6 56.825 4.607806 
480 36.7 39.2 58.6 63.5 56 61.7 60 42.3 52.25 10.25561 
505 53.1 64.9 53.3 70.3 54.3 59.8 64.4 64 60.5125 6.004048 
510 50.2 66.5 62 61.2 52 57.2 58.8 56.1 58 5.002749 
515 45.9 41.4 42.9 41.2 38.4 40.8 38.9 37.1 40.825 2.597956 
550 54.5 58.4 62.1 38.7 47.5 54 49.1 52.5 52.1 6.698321 
 
C.2 Solution Hardness of Mg-3Gd-2Ca-1ZR 
 
Table 10 Solution hardness of Mg-3Gd-2Ca-1Zr 
Mg-3Gd-2Ca-1Zn Average Standard 
Deviation 
As Cast 50 43.9 45.5 46.3 45.2 48.2 45.8 45.5 46.3 1.795828 
480 42.6 48.9 48.5 49.6 47.5 46.1 45.6 45.6 46.8 2.140093 
505 44.6 39.2 48.2 45.9 49.1 47.8 41.8 45.4 45.25 3.150397 
510 40.9 39.7 39.6 40.6 39 43.5 37.7 41.6 40.325 1.646018 
515 41.7 43.4 40.2 38.8 38.3 39.6 36.5 43 40.1875 2.234635 
550 51.2 50 54.5 45.6 50 50 54.9 50.7 50.8625 2.72944 
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Appendix D: Ageing Hardness Results 
D.1 Aged Hardness of Mg-3Gd-2Ca-1Zn 
Table 11 Vickers hardness results for Mg-3Gd-2Ca-1Zn aged at 350°C  
Mg-3Gd-2Ca-1Zn Aged at 350°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 53.3 45.5 44.5 42.1 39.6 50.7 40.2 55 46.3625 5.563708 
0.5 45.8 53 56 51.1 53.2 53.7 54.5 50.7 52.25 2.915905 
1 50.4 54.8 55.6 58.9 47.5 50.2 51 51.2 52.45 3.436568 
2 53.2 53.8 48.6 46.4 50.2 46.8 44.2 46.5 48.7125 3.211478 
4 49.6 47.6 45.6 49.2 47.7 47.8 50 51.6 48.6375 1.723323 
6 51.6 47.6 50.5 45.9 46.6 45.9 45.5 50.8 48.05 2.351064 
8 46.7 43.6 41.9 46.6 43.1 47.5 48.5 50 45.9875 2.653506 
12 48.5 44.8 44.4 48.5 47.2 48 48.5 43.9 46.725 1.883979 
16 50.6 48.1 47.3 50.7 45.5 44.6 52.7 47.6 48.3875 2.583814 
24 47.9 48.1 49.6 49.3 50.5 47.4 47.4 47 48.4 1.17047 
48 44.6 49.1 43.6 46.7 46.1 47.7 45.9 45.6 46.1625 1.607745 
72 45.1 47.6 42.5 47.4 47.6 45.9 42.2 44.7 45.375 2.035774 
96 44.4 45.2 42.8 42.3 49.7 41.7 41.4 43.1 43.825 2.525742 
168 38.5 44.6 41.7 44.5 39.7 37.8 43.6 38.7 41.1375 2.64052 
 
 
Table 12 Vickers hardness results for Mg-3Gd-2Ca-1Zn aged at 280°C  
Mg-3Gd-2Ca-1Zn Aged at 280°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 53.3 45.5 44.5 42.1 39.6 50.7 40.2 55 46.3625 5.563708 
0.5 48 53.1 52.8 49.5 53.8 51.6 48.8 54.8 51.55 2.344142 
1 58.6 46.9 50.1 54 44 48.3 47.7 42.9 49.0625 4.836563 
2 50.9 52.4 53.1 51.9 51.2 52.9 50.1 52.9 51.925 1.02561 
4 55.1 51.6 50.5 51.2 50.7 52.9 53.7 53.8 52.4375 1.571574 
6 53.6 55.7 56 54 56 49.9 57.6 57.7 55.0625 2.384291 
8 53 51.3 54 50.2 53.1 51.7 55.2 56 53.0625 1.845222 
12 54.4 54.4 54 50.8 54.1 54.9 52 51.3 53.2375 1.500781 
16 49.3 55 50.8 56.4 50 46.5 47.5 50.9 50.8 3.187475 
24 52.5 52.1 53.2 53.9 50.8 43 44.5 50.9 50.1125 3.819502 
48 53.8 50.4 50.6 52.5 53.3 50.2 53.4 49.6 51.725 1.583311 
72 48.9 51.6 50.5 48.2 50.9 50.1 49.3 51 50.0625 1.091945 
96 48.4 46.8 50.7 52 46.8 47.7 48.7 53.2 49.2875 2.255237 
168 45.6 51.9 44.4 47 47.6 43.9 48.2 47.2 46.975 2.349867 
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Table 13 Vickers hardness results for Mg-3Gd-2Ca-1Zn aged at 250°C  
Mg-3Gd-2Ca-1Zn Aged at 250°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 53.3 45.5 44.5 42.1 39.6 50.7 40.2 55 46.3625 5.563708 
0.5 49.6 52.8 53.6 56.8 56.2 54.8 55.9 48.7 53.55 2.836371 
1 55.8 56 51.1 55.1 54.2 58.4 53.7 58.2 55.3125 2.241895 
2 56.9 53.9 55.4 57 57.8 60 55.7 55.1 56.475 1.764759 
4 50.5 53.1 51 52.2 50.8 54.6 53.9 50.9 52.125 1.474576 
6 52.1 51.6 56.9 53.4 54.1 53.3 51.8 53.5 53.3375 1.589762 
8 56.5 55.2 51.3 54.3 56.3 51.7 58.3 53.9 54.6875 2.246351 
12 54.8 53.9 54.5 55.8 57.2 60.8 56.1 52.6 55.7125 2.332615 
16 57.8 53.2 56 55.4 57.3 56.3 59.8 59.1 56.8625 1.978596 
24 57.7 56.1 55.2 54.3 51.2 57.4 54.4 53.8 55.0125 1.969415 
48 55.3 56.2 51.9 59.4 49.6 55 53.7 56.5 54.7 2.803569 
72 56.5 53 53.2 56.4 54.2 50.9 57.3 50.7 54.025 2.373684 
96 48.2 49.6 47.1 37.6 54.1 49.4 46 44.3 47.0375 4.486351 
168 43.7 44.1 49.4 45.2 45.8 45 46.9 50.3 46.3 2.256103 
 
 
Table 14 Vickers hardness results for Mg-3Gd-2Ca-1Zn aged at 220°C  
Mg-3Gd-2Ca-1Zn Aged at 220°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 53.3 45.5 44.5 42.1 39.6 50.7 40.2 55 46.3625 5.563708 
0.5 62.1 62.5 59.4 58.7 56.6 61.4 61.7 55.6 59.75 2.448979 
1 53.6 57.5 57.4 61.7 52.6 56.9 56.2 57.9 56.725 2.604683 
2 61.4 61.3 59.2 54.1 53.2 57.1 55.1 56.4 57.225 2.939281 
4 54.2 57.9 54.5 55.6 53.1 52.6 55.7 53.2 54.6 1.638597 
6 57.3 60.2 57.7 55.1 54.8 57 56.9 55 56.75 1.687454 
8 55.9 54 60.1 53.1 52.9 56.5 52 54.6 54.8875 2.427672 
12 52.4 53.3 54.3 51.1 53.4 56.2 56.4 55.9 54.125 1.802602 
16 50.3 54.7 52.8 56.2 54.1 54.3 52.1 51.4 53.2375 1.812414 
24 55.5 53.3 55.4 47.9 48 54.3 51 49.4 51.85 2.982868 
48 56.8 53.7 53.7 56.5 53.7 54.9 49.9 55.4 54.325 2.033931 
72 51.8 51 56.6 58.1 55.9 58.5 57.2 54.5 55.45 2.620592 
96 55.4 54 59.6 58.3 55.7 53.4 52.3 50.9 54.95 2.746361 
168 51.2 50.3 53.1 50 46 52.5 50.9 52.1 50.7625 2.060302 
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Table 15 Vickers hardness results for Mg-3Gd-2Ca-1Zn aged at 180°C  
Mg-3Gd-2Ca-1Zn Aged at 180°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 53.3 45.5 44.5 42.1 39.6 50.7 40.2 55 46.3625 5.563708 
0.5 59.3 65.8 63.5 65.8 58.3 62.9 58.2 62.4 62.025 2.90506 
1 58.6 68 63.9 58 61.2 65.4 60.7 61.7 62.1875 3.179401 
2 64.6 65.8 63.3 62.8 62.2 62.1 61.7 63.4 63.2375 1.293191 
4 70.6 61.1 68.1 61.1 66 66.2 68 67.7 66.1 3.170962 
6 67.1 64.6 63.2 67.1 65.5 70.6 66.4 64.6 66.1375 2.109465 
8 70.4 64.8 71.1 67.6 69.4 62.6 65.2 72 67.8875 3.17468 
12 68.1 72.8 67.4 65.8 63.9 66.9 67.2 65.6 67.2125 2.442047 
16 78.8 62.8 66.8 66.7 72.7 72.9 75.1 63.14 69.8675 5.46625 
24 71 74.3 74.4 68.7 62.6 68.6 69.2 70.3 69.8875 3.498013 
48 71.8 74 68.3 67.9 75.3 70.5 67.7 71.2 70.8375 2.645722 
72 66.5 68.8 68.5 71.4 66.7 71.3 71 71.1 69.4125 1.934191 
96 61.3 73.1 74.5 67.9 66 62.3 64.9 74.7 68.0875 5.050851 
168 68.2 67.3 70.8 70.7 68.2 67 67.9 62.9 67.875 2.307461 
 
D.2 Aged Hardness of Mg-3Gd-2Ca-1Zr 
Table 16 Vickers hardness results for Mg-3Gd-2Ca-1Zr aged at 350°C  
Mg-3Gd-2Ca-1Zr Aged at 350°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 41.7 43.4 40.2 38.8 38.3 39.6 36.5 43 40.1875 2.234635 
0.5 46.9 48.9 46.2 48.5 46.4 45.8 45.4 45.1 46.65 1.299038 
1 47.8 49.6 48.2 48.3 53.3 52 53.8 53.6 50.825 2.448852 
2 52.9 52.4 51 55.3 46.6 50.3 49.5 48.8 50.85 2.520417 
4 55.3 52.8 59.2 53.5 52.6 52.3 54.4 56.2 54.5375 2.178266 
6 52.8 55.4 56.4 52 54.7 55.7 58.6 53.3 54.8625 2.007447 
8 57 54.8 57.4 55.6 59.4 52.7 52.6 52.3 55.225 2.435544 
12 49 44.8 49.2 54 42.7 49.5 47.4 49.8 48.3 3.199609 
16 41.3 41.5 44.6 45.8 42.9 43.7 41.4 46.1 43.4125 1.831964 
24 41.6 41.7 41.2 41.2 45 41.4 42.2 44.6 42.3625 1.442166 
48 42.4 44 44 43.8 41.6 40.2 42 46.6 43.075 1.827396 
72 45.6 45.1 45.6 43.6 44.7 42.7 42.5 40.8 43.825 1.616903 
96 43.8 42.2 45.3 40.4 41.2 45.6 42.6 39.2 42.5375 2.127756 
168 46.2 37.5 43.2 41.4 41.2 42.3 43.4 43.4 42.325 2.331711 
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Table 17 Vickers hardness results for Mg-3Gd-2Ca-1Zr aged at 280°C  
Mg-3Gd-2Ca-1Zr Aged at 280°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 41.7 43.4 40.2 38.8 38.3 39.6 36.5 43 40.1875 2.234635 
0.5 59.2 53.8 56.1 54.8 55.4 53 58.8 57.4 56.0625 2.111242 
1 60.3 56.3 55.8 57.5 51.6 62.6 54.9 56.2 56.9 3.133688 
2 61.3 56.1 55.1 54 55.5 61 57.6 57.1 57.2125 2.504215 
4 59.2 57.2 56.3 58.9 55.8 56.6 57.9 56.1 57.25 1.209339 
6 56 53.1 50.2 58.5 54 58.2 54.8 56.3 55.1375 2.567069 
8 54.4 53 58.6 50.8 57.5 56.5 53.3 55 54.8875 2.404391 
12 52.7 51.1 53.7 53.2 54.3 54.3 55.9 54.1 53.6625 1.30952 
16 49.1 55.2 49.1 53.1 58.9 53.2 51.7 53.7 53 3.006244 
24 48.1 48.4 49.3 52.1 44.1 50.9 48.5 45.1 48.3125 2.504215 
48 45.6 47.6 45.9 44.9 51.9 44.5 46.6 47.9 46.8625 2.208471 
72 46.2 47.3 48 44.8 46.7 48.3 49.7 47.3 47.2875 1.372441 
96 44.5 47.4 44.4 42.1 46 45.2 44.2 44.9 44.8375 1.425603 
168 42.6 42.8 44.8 45.5 38.6 44.3 39.2 43.1 42.6125 2.344908 
 
 
 
Table 18 Vickers hardness results for Mg-3Gd-2Ca-1Zr aged at 250°C  
Mg-3Gd-2Ca-1Zr Aged at 250°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 41.7 43.4 40.2 38.8 38.3 39.6 36.5 43 40.1875 2.234635 
0.5 55.5 54 55.6 57.3 54.9 58.7 55.3 59.5 56.35 1.815213 
1 52.8 54.8 56.2 53.9 55.3 54.1 52.5 52 53.95 1.362901 
2 57.5 58.4 58.1 56.9 55.1 54 55 56 56.375 1.496454 
4 60 58.1 59.8 56 58.1 64.7 54.9 57.6 58.65 2.795979 
6 66.1 63.5 57.7 56.4 61.4 58.9 64.6 56.7 60.6625 3.525244 
8 56.2 63.1 54.5 56.5 55.3 55 54.1 53.8 56.0625 2.803095 
12 55.1 57.4 55.4 55.5 57.8 56.1 56.9 58.6 56.6 1.189538 
16 58.4 55.5 52.7 51.1 58.7 53.9 51.9 61.4 55.45 3.466987 
24 55 54.4 59.7 55 54.5 44.4 50.4 54.5 53.4875 4.155851 
48 57.5 56.2 56 53.5 58.6 53.1 54.2 52.1 55.15 2.132487 
72 54.6 53.9 54.6 60.7 52.2 53.3 52.3 51.4 54.125 2.712817 
96 48.3 53.7 50.5 54.7 54.2 58.4 47.1 51.5 52.3 3.454345 
168 47.4 47.4 49.2 51.3 56 54.1 46.8 51.2 50.425 3.140362 
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Table 19 Vickers hardness results for Mg-3Gd-2Ca-1Zr aged at 220°C  
Mg-3Gd-2Ca-1Zr Aged at 220°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 41.7 43.4 40.2 38.8 38.3 39.6 36.5 43 40.1875 2.234635 
0.5 66.7 63.5 66.7 68.1 69.2 68.1 65.2 66.7 66.775 1.681331 
1 63.5 69.3 69.4 66.9 69.9 70.6 65.7 69.1 68.05 2.290196 
2 66.7 68.3 69.8 65.9 67.5 69.4 70.6 69.5 68.4625 1.538617 
4 65.8 73.2 66.4 66.9 67 73.3 68.1 70.2 68.8625 2.820433 
6 67.1 62.2 61.5 62.6 67.2 63.8 63.9 64.6 64.1125 1.987736 
8 58.9 67.4 61.6 62.3 58.7 61.7 59 61.5 61.3875 2.651621 
12 65.7 58.4 64.9 66.5 61 60.6 62.8 63.5 62.925 2.605643 
16 64.1 57.6 58 69.9 63.5 59.2 67.1 60.6 62.5 4.156922 
24 63.3 67.2 67.1 60.2 65.4 61.7 60.6 59.3 63.1 2.941088 
48 56.4 56 57.9 56.3 55.8 56.5 54.2 56.4 56.1875 0.953202 
72 61.6 52.5 58 58.5 63.1 59.7 52.2 57.1 57.8375 3.650321 
96 61 53.1 61.1 50.6 51.4 52.6 52 57.4 54.9 4.024612 
168 54.1 51.9 58.2 51.7 52.8 50.8 53.6 57.2 53.7875 2.476609 
 
 
Table 20 Vickers hardness results for Mg-3Gd-2Ca-1Zr aged at 180°C  
Mg-3Gd-2Ca-1Zr Aged at 180°C 
Ageing 
Time 
Tests Average Standard 
Deviation 1 2 3 4 5 6 7 8 
0 41.7 43.4 40.2 38.8 38.3 39.6 36.5 43 40.1875 2.234635 
0.5 64.3 60.5 57.9 57 63.7 62.1 62.8 64.2 61.5625 2.650442 
1 64.8 64.2 68.9 68.6 66.7 64.9 64.8 64.7 65.95 1.755705 
2 69.4 65.5 69.9 73.2 73.8 63.4 68.4 74.5 69.7625 3.728585 
4 72.7 78 66.7 69.4 67.4 66.7 67.3 70.2 69.8 3.660601 
6 69 73.4 69.1 67.6 65.8 66 68.5 71.2 68.825 2.382619 
8 66.7 64.3 64.5 62.9 68.3 66.6 68 67.1 66.05 1.805547 
12 64.3 68 62.8 68.8 57.4 56.3 66.4 63.8 63.475 4.286826 
16 65.4 67.5 65.3 65.3 62.2 61 63.9 64.2 64.35 1.900658 
24 63 64.3 62 64.9 65.3 68.2 68.2 65.1 65.125 2.060188 
48 62.4 64.5 65 63.9 65.1 60.9 61.5 65 63.5375 1.588189 
72 62.5 65.9 63.3 66.6 62.3 62.6 64.9 62 63.7625 1.670283 
96 63 66.3 64.8 65.1 63.7 59.4 62.8 64.3 63.675 1.938911 
168 67 69.1 64.6 60 54.8 65.1 61.8 64.6 63.375 4.172754 
 
